In the future, Arctic warming and the melting of polar glaciers will be considerable, but the magnitude of both is uncertain. We used a global climate model, a dynamic ice sheet model, and paleoclimatic data to evaluate Northern Hemisphere high-latitude warming and its impact on Arctic icefields during the Last Interglaciation. Our simulated climate matches paleoclimatic observations of past warming, and the combination of physically based climate and ice-sheet modeling with icecore constraints indicate that the Greenland Ice Sheet and other circum-Arctic ice fields likely contributed 2.2 to 3.4 meters of sea-level rise during the Last Interglaciation.
D
etermining the sensitivity of the Arctic climate system to anomalous forcing and understanding how well climate models can simulate the future state of the Arctic are critical priorities. Over the past 30 years, Arctic surface temperatures have increased 0.5-C per decade (1); September Arctic sea ice extent has decreased 7.7% per decade (2) ; and the seasonal ablation area for Greenland has increased, on average, by 16% (3) (4) (5) . The global climate models being used to estimate future scenarios of Arctic warmth give polar warming of 0.7-C to 4.4-C-a large range-as well as a reduction of Arctic sea ice of up to 65% at the time of the doubling of atmospheric CO 2 (6) . The Last Interglaciation (LIG, È130,000 to 116,000 years ago) is the last time that the Arctic experienced summer temperatures markedly warmer than those in the 20th century and the late Holocene, and it also featured a significantly reduced Greenland Ice Sheet (GIS). Climate models need to be able to reproduce this large, warm climate change in the Arctic if they are to be trusted in their representation of Arctic processes and their predictions for the future.
Paleorecords indicate much warmer Arctic summers during the LIG. Storm beaches and ancient barrier islands with extralimital mollusks of LIG age indicate that the open water north of Alaska was more extensive and lasted seasonally longer (7) . Boreal forest communities expanded poleward by as much as 600 to 1000 km in Russia (8) , reaching the coast everywhere except in Alaska (9) and central Canada. Total gas evidence from LIG ice in the Greenland Ice Core Project (GRIP) ice core indicates that the Summit region remained ice-covered, although possibly up to È500 m lower than the ice level at present, at some time in the LIG (10). In contrast, basal ice at Dye-3 (southern Greenland), in the Agassiz, Devon, and Meighen ice caps in the Canadian Arctic, and possibly in Camp Century (northwest Greenland), suggest that these drill sites were ice-free during the LIG (10, 11) . The increased presence of vegetation over southern Greenland is reconstructed from plant macrofossils (12) and fern spores (13) . Elsewhere; pollen, insects, marine plankton, and other proxies document the magnitude of LIG summer warmth across the Arctic (14) .
We conducted climate simulations for the LIG with a global, coupled ocean-atmosphereland-sea-ice general circulation model ENCAR Community Climate System Model (CCSM) ( 15) . We also used ice-sheet simulations with a three-dimensional, coupled ice and heat flow model (16) , which spans the entire western Arctic from 57-N to 85-N, including Greenland and smaller scale ice caps in Iceland and the Canadian Arctic (14) . We chose to simulate the start of the LIG, approximately 130,000 years ago (130 ka), reflecting evidence of early LIG summer Arctic warmth (14) and of an LIG sealevel high stand of 4 to 6 m above present day likely by 129 ka T 1000 years (17, 18) .
Our climate simulation was forced with the large insolation anomalies of the LIG at 130 ka; anomalies driven by changes in Earth_s orbit, which are known to have caused warm Northern Hemisphere climate (19) (20) (21) . The anomalous forcing for the start of the LIG (130 to 127 ka) was concentrated in the late spring and early summer because of the nature of Milankovitch solar anomalies. This timing is important because the GIS is extremely sensitive to warm, earlysummer conditions (22) . Positive solar anomalies at the top of the atmosphere exceeded 60 W m j2 at high northern latitudes in May to June for 130 ka (Fig. 1) and until 127 ka. After 127 ka, these positive solar anomalies decreased considerably, and by 125 ka, they were less than the maximum May-to-June solar anomalies of È45 W m j2 during the Holocene, which were not enough to melt the GIS much beyond its modern configuration. Annual mean changes of insolation at high northern latitudes for 130 ka were much smaller, less than 6 W m j2 ; global annual mean forcing was very small, 0.2 W m j2 .
A comparison between proxy-based reconstructions for the Arctic LIG and those simulated with the CCSM climate model shows good agreement (Fig. 2) . Solar anomalies drive significant simulated summer (June, July, and August) warming in the Arctic (for 60-N to 90-N, an average warming of 2.4-C with significant regional variation) (Fig. 2) . In agreement with paleoclimatic observations, simulated warming in excess of 4-C occurs in the northern Hudson BayBaffin Island-Labrador Sea region, and across to the seas adjacent to northern and eastern Greenland. Greenland warms by 3-C or greater along the edges of the ice cap and by 2.8-C in central Greenland in CCSM, somewhat less than observed. Less summer warming is indicated for northern Europe (2-C to 3-C), as well as Alaska and western Canada (0-C to 2-C), in both the proxy reconstruction and CCSM. The simulated warming over Siberia is 2-C to 4-C, somewhat less than the paleodata in parts of this region.
The insolation anomalies result in increased sea ice melting early in the summer season, with reduced sea ice extending from April into November. The minimum LIG Arctic sea-ice area simulated in August and September is 50% less than that simulated for present day, with 50% summer coverage in the Arctic Ocean only occurring poleward of 80-N ( fig. S1 ). The reduction of summer sea ice leads to simulated warming of the Arctic Ocean north of Alaska by È2-C. The North Atlantic warms by 1-C to 2-C, with above-freezing temperatures extending northward along circumcoastal regions, and substantial warming extending as far east as Severnaya Zemlya in CCSM. The CCSM is in accord with marine records that indicate modest warming (0-C to 4-C) at LIG (Fig. 2) .
The simulated temperature response of the Arctic to altered LIG insolation is significant over the ice sheet and the surrounding waters of Greenland. Feedbacks associated with reduced sea ice and a warmer North Atlantic Ocean and Labrador Sea act to warm all of Greenland during the summer months, with the southern quarter and far northern coastal regions averaging above freezing for multiple months. Maximum daily surface temperatures during the summer are above freezing over the entire ice sheet. Annual snow depths decrease significantly along the southern, western, and northern edges of the ice sheet (17) . These decreases are primarily due to melting with warmer surface temperatures. Modeled precipitation rates are generally not significantly different from present, except for marginally significant increases in northwest and central Greenland and southeast Iceland, associated with warmer nearby oceans.
Simulated margins of the GIS, as well as smaller Arctic icefields, respond immediately to the warmer spring and summer temperatures. The total icefield ablation area increases from 2.64 Â 10 5 km 2 for modern time to 5.25 Â 10 5 km 2 in the LIG, with melt rates near the ice margins increasing by as much as 1 m/year. Greater snow accumulation compensates for elevated melt rates in southeast Iceland, central Greenland, and isolated coastal sites in Greenland, giving small, positive mass-balance perturbations for the LIG of È0.2 m/year. Elsewhere in the western Arctic, increased melt rates and an extended ablation season lead to negative mass-balance perturbations, with initial losses of -0.3 to -0.6 m/year in most of coastal Greenland. On average over the western Arctic, the mass-balance perturbation is -0.19 m/year.
As the simulated ice caps retreat over several millennia in response to the orbitally induced warming, loss of ice mass leads to surface lowering, an amplification of the mass-balance perturbation, and accelerated retreat. The sustained negative mass-balance perturbations cause the almost-complete demise of icefields in the Queen Elizabeth Islands, consistent with the ice-core inferences discussed in Koerner (11, 23) . In approximately 2000 years, the GIS has retreated such that Dye-3 becomes ice-free, in agreement with LIG paleorecords (Fig. 3A) (11) (12) (13) . In this configuration, Greenland and the western Arctic icefields contribute 2.2 m of sea-level rise; this is the minimum sea-level rise that the Arctic likely contributed during the LIG. After an additional millennium, the simulated LIG surface drawdown at the paleodivide is È570 m, near the constraint provided by ice-core data (10) . This minimal GIS configuration (Fig. 3B ) yields a maximum Arctic sea-level contribution of 3.4 m.
Our simulated GIS is not in equilibrium, and continued warmth would drive a smaller and lower ice sheet and continued sea-level rise. However, the GIS configurations in Fig. 3 are consistent, in terms of height and area, with observed ice-core data, thus providing a constraint on the Canadian Arctic and Iceland icefields and of the GIS at their smallest size during the LIG (Fig. 3) . Moreover, our use of observations and model together indicate that the minimal LIG GIS was a steeply sided ice sheet in central and northern Greenland (Fig. 3) and that this ice sheet, combined with the change in other Arctic ice fields, likely generated 2.2 to 3.4 m of early LIG sea-level rise (1.9 to 3.0 m from Greenland and 0.3 to 0.4 m from Arctic Canada and Iceland). Previous modeling studies of the LIG, based on independent, ice-core-derived temperature histories (24, 25) from GRIP (Greenland) d 18 O and Vostok (Antarctica) dD data, also suggest a minimum GIS within a few millennia of the maximum LIG insolation anomaly.
Our climate model captures the terrestrial warming within the uncertainties of proxy estimates, except over Siberia. In Siberia, the model underestimates the observed warming by up to 1-C to 2-C. Previous modeling studies have shown that Arctic vegetation changes act as a positive feedback for past periods of enhanced summer solar radiation, including the Holocene (26, 27) and the LIG (28). Our simulation lacked this positive feedback, just as this feedback is missing in most projections of future warming. However, our results indicate that CCSM does a good job of simulating much of the observed Arctic response to altered radiative forcing without this feedback, confirming that the size of the missing vegetation feedback is likely smaller than was previously estimated (14, 19, 27) .
A sensitivity simulation with CCSM with all ice removed from Greenland and replaced with lower-albedo bedrock gives a measure of the large positive feedbacks associated with the large reduction of surface albedos due to ice sheet retreat and vegetation growth over Greenland (Fig. 2C) . The additional warming is primarily a local response over Greenland. Surface temperatures warm an additional 7-C at Renland and Dye-3 and more than 10-C at GRIP. This warming is clearly an overestimate compared with ice-core and other proxy estimates (Fig. 2) , confirming the likelihood that the GIS retreated only to the smaller and steeper configuration that we simulated (Fig. 3) .
A sea-level rise of 3.4 m over 3000 years is equivalent to freshwater forcing of the North Atlantic and Labrador Sea of 0.013 sverdrup. It is reasonable to assume, however, that the rate of meltwater discharge would not have been constant in time, and could have been greater at some times than others during the drawdown of the GIS. We thus performed a sensitivity simulation with 0.1 sverdrup of water inserted into the present-day North Atlantic over 100 years. This freshwater forcing yields a simulated 25% slowdown of the North Atlantic thermohaline circulation and annual cooling of 1.5-C south of Greenland, within the range of sensitivities of 12 climate model simulations of -3.9-C to þ0.7-C (29). Simulated summer cooling is generally 1-C to 2-C over much of the North Atlantic and Labrador Sea (Fig. 2D) . Even with this more extreme freshwater forcing than is implied by our simulated average LIG meltwater rate, summer surface temperature anomalies over Greenland remain positive, which is an indication of the implied primacy of the large orbital forcing anomalies. These results therefore indicate that the likely impact on the North Atlantic of any Greenland meltwater would not have inhibited the meltback of Greenland.
Our results confirm that the NCAR climate model (with doubled atmospheric carbon dioxide equilibrium sensitivity of 2.2-C) captures key aspects of Arctic sensitivity to anomalous LIG forcing. Simulated summer Arctic warming is up to 5-C (as compared with a simulated global cooling of 0.7-C and Northern Hemisphere warming of 1.3-C), and simulated sea-ice retreats by 50%. The climate model anomalies drive large-scale ice-sheet retreat in the Western Arctic that is consistent with available ice-core records. Within a few millennia, most of the icefields in Arctic Canada and Iceland melted away, and the GIS was reduced to a steep ice dome in central and northern Greenland. We cannot comment on exactly when this ice configuration could have occurred during the LIG; there are no paleoclimatic observational constraints on the time evolution of ice-sheet retreat, and the lack of meltwater-driven, icedynamical processes in current ice-sheet models (30) prevents an evaluation of ice-sheet model sensitivity. However, our results give a likely Arctic (including Greenland) contribution to LIG sea-level rise above modern day of no more than 3.4 m. Despite the different mechanisms of warming, these results indicate that the impact on Arctic environments over the next century can be expected to be substantial if predicted future climate change comes to pass (17) .
